The association between the distribution characteristics of CYP2A6 catalytic activities toward nicotine and coumarin, and the frequency distribution of CYP2A6 variant alleles reported was estimated in 120 healthy Thais. The distributions of the subjects as classiˆed by the amounts of 7-hydroxycoumarin (7-OHC) excreted in the urine and by cotinine W nicotine ratio in the plasma were clearly bimodal. However, the numbers of apparently poor metabolizers for coumarin and nicotine were diŠerent. The inter-individual variability in the in vivo dispositions of coumarin and nicotine closely related to the CYP2A6 genetic polymorphism. There was a close correlation between the rate of 7-OHC excretion in the urine and cotinine W nicotine ratio in the plasma among subjects (R＝0.92, pº0.001). The frequency of CYP2A6 allele found in the present study was: CYP2A6 * 1A＝32z (95z CI, 22.1-39.4z), CYP2A6*1B＝27z (95z CI, 19.4-33.5z), CYP2A6*9＝20z (95z CI, 17.6-23.3z), CYP2A6*4＝ 14z (95z CI, 9.6-17.8z), CYP2A6*7＝5z (95z CI, 3.7-9.4z), CYP2A6*10＝2z (95z CI, 0.8-5.1z). Subjects having CYP2A6*1A W *1B were found to have a higher rate of 7-OHC excretion, as well as a higher cotinine W nicotine ratio in the plasma compared with those of the other genotypes. In contrast, subjects with CYP2A6 * 4 W * 7 and CYP2A6 * 7 W * 7 almost lacked any cotinine formation, whereas urinary 7-OHC was still detectable. CYP2A6*9 allele clearly resulted in reduced enzyme activities. Despite the absence of the homozygote for CYP2A6*10 allele, the presence of CYP2A6*10 allele signiˆcantly decreased the enzyme activities. The results of the present study demonstrate that in vivo phenotyping of CYP2A6 using nicotine and coumarin are not metabolically equivalent. Nicotine is a better probe according to its speciˆcity, while coumarin is still valuable to be used for a routine CYP2A6 phenotyping since the test employs a non-invasive method.
Introduction
Cytochrome P450 (CYP) constitutes a large family of heam-containing monooxygenases that play an important role in the biotransformation of various xenobiotics and endogenous compounds.
1) The CYP2A gene subfamily, located on human chromosome 19, consists of CYP2A6, CYP2A7, CYP2A13, and two CYP2A7 pseudogenes. Among them, only CYP2A6 and CYP2A13 genes encode active proteins.
2) Human CYP2A6 has beenˆrst identiˆed as an enzyme which metabolizes coumarin to yield 7-hydroxycoumarin (7-OHC). 3) Following this observation, a number of other xenobiotics, including some drugs such as fadrozole, tegafur, and halothane, have been identiˆed as substrates for CYP2A6. 4, 5) In addition to these clinically used drugs, nicotine and nicotine-derived nitrosamines such as 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) are known to be metabolized to cotinine and mutagens, respectively. 5) A positive association between cigarette consumption and CYP2A6 genetic polymorphism has been demonstrated. 6) However, a meta-analysis reviewing several case-control studies revealed no association between CYP2A6 variant alleles and smoking habit. 7) Phenotyping study using coumarin and nicotine as probe drugs has shown a signiˆcant inter-individual variability which has been explained at least in part by CYP2A6 genetic polymorphism. 8, 9) Other factors contributing to the variation include physiological factors, diseases, and drug interactions. 10) Regarding the genetic polymorphism of CYP2A6, many variant alleles (CYP2A6 * 1 to CYP2A6 * 22) have been reported so far (see http: W W www.imm.ki.se W CYPalleles).
The frequencies of alleles vary considerably among diŠerent ethnic populations. CYP2A6*1 allele encoding a wild-type protein is relatively prevalent among Caucasians and black subjects, while they are found at lower frequency in Mongolians.
11) CYP2A6*2 is a rare variant allele with an approximate frequency of 2z among Caucasians, 12) whereas the allele has not been found in Mongolians. The deletion allele (CYP2A6*4) is most common in Mongolians (up to 20z), resulting in an apparently low enzyme activity in these populations. 13) CYP2A6*5 and CYP2A6*6 alleles are relatively rare in Mongolians, with the frequencies of less than 1z. 14) CYP2A6*7 and CYP2A6*10 alleles are also reported to cause an impairment in nicotine metabolism and found at higher frequencies in Mongolians. 15) CYP2A6*9, another variant allele possessing a single nucleotide polymorphism (SNP) in the TATA box found at a high frequency among Mongolians, is also reported to produce a small amount of the transcript CYP2A6 as proven both in vitro and in vivo. 15, 16) CYP2A6*11 that contains a 670TÀC substitution has also been shown to have a reduced enzyme activity. 4) Similarly, CYP2A6*12 allele which is probably originated through an unequal crossing over between CYP2A6 and CYP2A7 genes, is also described to cause a reduced CYP2A6 activity in vivo. 17) Four alleles, CYP2A6*13, *14, *15, and *16 containing a SNP that causes an amino acid substitution, have also been found in humans. However, the eŠects of these alleles on the enzyme activity have not yet been fully elucidated. 18) CYP2A6*17, *18, *19, and *20 have been found to have a decreased enzyme activity both in vitro and in vivo. [19] [20] [21] On the contrary, CYP2A6*21 (K476R) has been found to have a minimal impact on nicotine disposition. 22) The frequencies of all the major variant alleles of CYP2A6 are rather low in Caucasians and black Africans; however, some of these alleles are highly prevalent in Mongolian populations. There are only a few reports on in vivo phenotyping of CYP2A6 using both coumarin and nicotine as probes in the same group of subjects, although several lines of evidence supporting the discordance between coumarin 7-hydroxylase activity and nicotine C-oxidase activity have been reported. 23, 24) Moreover, no epidemiological study on CYP2A6 polymorphism and its consequence in coumarin and nicotine dispositions has been done in Thais despite the clinical importance.
In the present study, we, therefore, performed a population study of coumarin metabolism in comparison to nicotine which was used as a reference probe, and CYP2A6 genotyping in 120 Thais to clarify the association between the distribution characteristics of CYP2A6 activities toward coumarin and CYP2A6 polymorphism in Thai population.
Methods
Chemicals: Venalot } tablets, each containing 15 mg coumarin and 90 mg troxerutin, were purchased from Schaper and Brummer GmbH & Co. KG (Salzgitter, Germany). Nicorette } chewing gums, each containing 2 mg of nicotine, were purchased from Pharmacia & Upjohn Co. (Tokyo, Japan). Other chemicals used were of analytical reagent grade unless indicated otherwise.
Subjects: One hundred twenty unrelated volunteers, 58 men and 62 women (age range 18-50 years), were recruited from the staŠ and students at the Faculty of Science, Mahidol University, to participate in the study. All subjects were classiˆed as native Thais according to the familial history of their parents and grandparents. All subjects were non-smokers who never smoked at any time. They were healthy as deˆned by medical history, physical examination and routine blood chemistry analysis. All subjects were informed both verbally and in writing, about the experimental procedures and the purpose of the study. Written informed consent was obtained from all of them for their participation in the study. The subjects were asked to refrain from taking any medication for at least one week before and throughout the study period. The study protocol was approved by the Ethical Research Committee of Mahidol University, Thailand. All volunteers were asked to follow the experimental protocol as strictly as possible.
Genotyping for CYP2A6 alleles: Genomic DNA was extracted from peripheral leukocytes using whole 25) CYP2A6*1A, CYP2A6*1B, CYP2A6 * 4, CYP2A6 * 7, CYP2A6 * 8, CYP2A6 * 9, and CYP2A6*10 alleles were genotyped by the methods described previously. 16, 23, 26) In vivo phenotyping for coumarin metabolism: After an overnight fasting, the subjects emptied their bladders and took 15 mg of coumarin (Venalot } ) with 200 mL of drinking water. Food was allowed at 2 hr postdose. All urine produced in the subsequent 8 hr was collected, and the total volumes were recorded. A 10 mL aliquot was taken and stored at -209 C until assayed. 7-OHC was determined by the method described previously. 27) All assays were performed in duplicate.
In vivo phenotyping for nicotine metabolism: At least one week after the coumarin test, each subject was given a piece of 2 mg nicotine chewing gum (Nicorette } ) after an overnight fasting. They chewed the gum for 20 sec per 30 sec for 30 min. Two hours after starting to chew, 10 mL blood samples were collected by venipuncture. 13 ) Approximately 5 mL of each sample was later used for DNA extraction and genotyping. The rest was used for the assay of cotinine W nicotine metabolic ratio according to the method previously described with some modiˆcations. 28, 29) Brie‰y, after centrifugation at 3,000 rpm for 10 min at 49 C, plasma sample (200 mL) was diluted with 500 mL of water and alkalinized with 10 mL of 10 M NaOH. The mixture was extracted with 1.5 mL of dichloromethane by vortex mixing for 2 min. After centrifugation at 3,000 rpm for 10 min at 49 C, a 750 mL portion of the lower phase was transferred to another tube. To this tube, 10 mL of conc. HCl was added. The organic fraction was evaporated with a vacuum evaporator at 409 C. The residue was dissolved in 25 mL of the mobile phase as shown below, and then an aliquot (25 mL) was injected to an Agilant 1100 series HPLC system (Agilent, Yokogawa, Tokyo, Japan) equipped with a 5 mm Mightysil RP-18 column (4.5 mm ×60 mm GP, Kanto Chemical, Tokyo, Japan) maintained at 409 C. The mobile phase consisted of acetate buŠer (pH 4.5), methanol, and acetonitrile (740:245:16 v W v). The ‰ow rate was 1.2 mL W min. The mass spectrometer was Finnigan LCQ DUO (Thermoquest, Tokyo, Japan) equipped with Agillent HP-1100 series HPLC system (Yokogawa, Tokyo, Japan). The capillary potential was 4 kV, and the source temperature was 2009 C. All assays were performed in duplicate.
Statistical analysis: Results were expressed as mean ±SD. The data were analyzed using the StatView 5.0 statistical software package (SAS Institute Inc., Cary, North Carolina, USA). The possibility of bimodality in the amounts of 7-OHC excreted in the urine and cotinine W nicotine ratio in the plasma was assessed using probit analysis. 30) The statistical signiˆcance of diŠer-ences in the average amount of 7-OHC excreted in the urine from subjects with diŠerent genotypes was tested by Mann-Whitney U test. A correlation between the dispositions of coumarin and nicotine of the subjects was analyzed by Instat (GraphPad software, San Diego). Student t-test was used to examine signiˆcant levels for male-female diŠerences in the amounts of 7-OHC excreted in urine, and the signiˆcant diŠerence in the level of blood chemistry parameters of the ten subjects measured just before and 24 hr after a single oral administration of 15 mg coumarin. Chi-square test was used to evaluate signiˆcant levels for diŠerences in the frequency distribution of males and females in genotypes, alleles, and phenotypes. A value of pº0.05 was considered statistically signiˆcant.
Results
Genotyping for CYP2A6 in Thais: The genotype and allele frequencies of CYP2A6 are shown in Tables 1  and 2 , respectively. There was no subject homozygous for CYP2A6*10. No CYP2A6*8 allele was found in this study. There was no gender diŠerence in the frequencies of CYP2A6 genotype and allele ( x 2 ＝11.28, p＝0.73 for genotype frequency and x 2 ＝6.96, p＝0.22 for allele frequency).
Phenotyping for CYP2A6 in Thais: In the CYP2A6 phenotyping procedure, a number of subjects comprising of all CYP2A6 genotypes developed nausea and W or mild headache after chewing nicotine gum. The symptoms gradually disappeared within 15 min after stopping nicotine gum chewing. There was no statistical signiˆcance of the CYP2A6 genotype-related diŠerence in the prevalence of such adverse eŠects of nicotine administration. The average amounts of 7-OHC excreted in the urine and cotinine W nicotine ratio in the plasma of male and female subjects as classiˆed accord- The average value of total amounts of 7-OHC excreted in the 8 hr urine (mg)±SD. The numbers in parentheses indicate the numbers of subjects. *＝pº0.05, **＝pº0.01 compared with CYP2A6*1 W *1. ing to CYP2A6 genotypes are shown in Table 3 . 7-OHC in the 8-hour urine was detectable in the urine of all subjects, ranging from 0.03 to 15 mg (7.25±2.94 mg).
There was no signiˆcant gender-related diŠerence in the amounts of 7-OHC excreted in the urine and cotinine W nicotine ratio in the plasma when compared after classifying subjects according to the CYP2A6 genotypes.
The probit plot of 7-OHC excreted in the urine is shown in Fig. 1A . The distribution of 7-OHC excreted in the urine showed bimodality. The probit plots of cotinine W nicotine ratio in the plasma was also clearly curved (Fig. 1B) . By the antimode, four subjects who Fig. 2 . Correlation between the rate of 7-OHC excretion in the urine and cotinine W nicotine ratio in the plasma in 120 Thai subjects classiˆed according to CYP2A6 genotypes.
were homozygotes of the CYP2A6*4 allele, were phenotyped as PM for coumarin (Fig. 1A) , whereas eight subjects (four CYP2A6*4 W *4, one CYP2A6*4 W *7, and three CYP2A6*7 W *7) were judged as PM for nicotine (Fig. 1B) . The numbers of apparent PM toward coumarin were lower in this population when compared to the data with nicotine as a reference probe (Fig. 1B) . This indicates discordance between CYP2A6 catalytic activity toward coumarin and nicotine metabolisms. The reason(s) for this phenomenon is not known.
The in vivo oxidation activities toward coumarin and nicotine: The correlation between the rate of 7-OHC excretion in the urine and cotinine W nicotine ratio in the plasma among subjects as classiˆed according to CYP2A6 genotypes is shown in Fig. 2 . There was no statistically signiˆcant diŠerence of the in vivo disposition of coumarin and nicotine between male and female subjects ( Table 3 ). The mean 7-OHC excreted in the urine and cotinine W nicotine ratio in plasma of the subjects genotyped as CYP2A6 * 1A W * 1B were higher than those of the subjects with other genotypes (11.61± 2.26 mg for 7-OHC excreted in the urine and 9.10±2.17 for cotinine W nicotine ratio in the plasma). The homozygotes of CYP2A6*1A allele showed CYP2A6 activity toward coumarin (7-OHC excreted in the urine; 8.06±1.82 mg) and nicotine (cotinine W nicotine ratio in the plasma; 7.51±1.72) at approximately 77z and 91z of those with CYP2A6*1A W *1B, respectively. Similarly, the homozygotes of CYP2A6*1B allele exhibited the CYP2A6 activity toward coumarin (7-OHC excreted in the urine; 8.79±2.30 mg) and nicotine (cotinine W nicotine ratio in the plasma; 8.31±1.65) at approximately 86z and 89z of those with CYP2A6*1A W *1B, respectively. There was no statistically signiˆcant diŠerence in the CYP2A6 activity toward both probes among CYP2A6*1A W *1A subjects (p＝0.29 for coumarin metabolism and p＝0.74 for nicotine metabolism compared with CYP2A6*1A W *1B subjects), CYP2A6*1A W *1B subjects, and CYP2A6*1B W *1B subjects (p＝0.42 for coumarin metabolism and p＝0.58 for nicotine metabolism compared with CYP2A6*1A W *1B subjects). The subjects genotyped as CYP2A6 * 1A W * 1A, CYP2A6*1A W *1B, and CYP2A6*1B W *1B were, therefore, combined as the wild-type (CYP2A6*1 W *1). On the contrary, compared with the wild-type, all other variant genotypes excreted signiˆcantly lower 7-OHC as well as exhibited lower cotinine W nicotine ratio, especially four subjects with CYP2A6*4 W *4. The amounts of 7-OHC excreted in the urine and cotinine W nicotine ratio in the plasma of subjects genotyped as CYP2A6*1 W *4 were reduced to 54z and 55z of the wild-type (pº0.05), respectively ( Table 3) . Four subjects genotyped as CYP2A6*4 W *4 totally lacked cotinine formation, whereas they still excreted a small amount of 7-OHC (0.55±0.36 mg) in the urine, ( Table 3) .
Three subjects who were homozygous for CYP2A6 * 7 allele (CYP2A6*7 W *7) showed the rate of 7-OHC excretion of approximately 46z, but only 20z of cotinine W nicotine ratio as compared to those homozygously having the wild-type allele. Subjects with CYP2A6*4 W * 7 and CYP2A6 * 4 W * 9 also showed a markedly reduced capacity of 7-OHC as well as cotinine formation. As can be seen in Table 3 , the amount of 7-OHC excreted The intermediate phenotypic group＝CYP2A6*1 W *4, CYP2A6*1 W *7, CYP2A6*1 W *9, CYP2A6*1 W *10 and CYP2A6*9 W *9. The poor phenotypic group＝CYP2A6*4 W *7, CYP2A6*4 W *9, CYP2A6*7 W *7. The very poor phenotypic group＝CYP2A6*4 W *4. *; pº0.05 compared to the extensive phenotypic group, **; pº0.05 compared to the intermediate phenotypic group, ***; pº0.05 compared to the poor phenotypic group, §; pº0.01 compared to the poor phenotypic group. The numbers of the subjects in each phenotypic group and the average amounts of 7-OHC excreted in the urine (A) and cotinine W nicotine ratio in the plasma (B) are shown in the parentheses.
in the urine of a subject genotyped as CYP2A6*4 W *7 (3.27 mg) was relatively comparable to those of subjects genotyped as CYP2A6*4 W *9 (3.67±0.42 mg). Cotinine W nicotine ratio in the plasma of subjects with CYP2A6*4 W *7 (0.94) was clearly lower than those of the subjects with CYP2A6*4 W *9 (3.01±0.30). When compared with the wild-type subjects, the subjects with CYP2A6*4 W *7 and CYP2A6*4 W *9 showed markedly decreased capacity of 7-OHC formation to about 34z and 39z, respectively, while the same subjects showed cotinine formation only approximately 11z and 36z of the wild-type subjects, respectively.
The capacity of in vivo dispositions of coumarin and nicotine of the subjects with CYP2A6 * 1 W * 9 were 82z and 77z of the wild-type subjects, respectively. Thirteen subjects genotyped as CYP2A6*9 W *9 also showed even less capacities of the 7-OHC formation and cotinine formation of about 68z and 60z, respectively ( Table 3) . The subjects homozygous for CYP2A6 * 9 allele showed a level of coumarin disposition similar to those genotyped as CYP2A6*1 W *7 and CYP2A6*1 W *10 ( Table 3) . Compared with the wild-type subjects, the average amount of 7-OHC excreted in the urine and the average cotinine W nicotine ratio in the plasma of the subjects genotyped as CYP2A6*1 W *10 signiˆcantly decreased to about 68z and 61z, respectively. Figure 3 shows the capacities of 7-OHC and cotinine formation of subjects classiˆed into four phenotypic groups according to CYP2A6 genotypes; the extensive phenotypic group (homozygotes for CYP2A6 * 1), the intermediate phenotypic group (heterozygotes for the wild-type and certain variant alleles, and homozygotes for CYP2A6*9), the poor phenotypic group (heterozygotes for certain variant alleles and homozygotes for CYP2A6 * 7), and the very poor phenotypic group (homozygotes for CYP2A6*4). The average amounts of 7-OHC excreted in the urine and cotinine W nicotine ratio in the plasma of the subjects in each phenotypic group are also indicated (Fig. 3) . Signiˆcant diŠerences in the average amounts of 7-OHC excreted in the urine as well as cotinine W nicotine ratio in the plasma in subjects across all phenotypic groups were observed. The data indicate that the presence of CYP2A6*4, CYP2A6*7, CYP2A6*9, and CYP2A6*10 alleles clearly reduces the in vivo disposition of coumarin and nicotine.
Inter-ethnic variation in CYP2A6 allele frequency: Frequency percentage of reported CYP2A6 alleles in diŠerent populations is summarized in Table 4 . In the present study, CYP2A6 alleles were found to display distinct inter-ethnic diŠerences among Mongolian, Caucasian, and black African populations. The most conspicuous diŠerences was that not only the deleted CYP2A6*4 allele, but also CYP2A6*7 and CYP2A6*9 alleles were detected at a higher frequency in Mongolians than Caucasians and black Africans. On the other hand, CYP2A6*2 was not found in Mongolians and black Africans, while CYP2A6 * 7, CYP2A6 * 8, and CYP2A6*10 did not exist at all in the Caucasian and black African subjects.
Discussion
In this study, we investigated the eŠects of the CYP2A6 group of polymorphism on in vivo metabolism of coumarin as well as nicotine in the same group of Thai subjects. Coumarin (15 mg) and nicotine (2 mg in chewing gum) were sequentially given to the same. The urine (for coumarin test) and plasma (for nicotine test) samples were collected at certain time points, and the amounts of produced metabolites were determined. Since the mean plasma elimination half-life of nicotine is approximately 2 hr and does not signiˆcantly vary with age and gender, 31) the in vivo disposition of nicotine has been, therefore, investigated by collecting blood samples at 2 hr after a nicotine challenge. Regarding adverse eŠects of nicotine and the fact that all subjects were absolute non-smokers, nausea and mild headache after a nicotine challenge were predictable. However, those who experienced such symptoms comprised of all CYP2A6 genotypes and the number of aŠected subjects in each genotype was commensurate with the number of subjects of that particular genotypic group, the adverse eŠects of nicotine at the challenging dose seemed to less likely be contributed by CYP2A6 polymorphism.
The mean value of the amount of 7-OHC excreted in the urine of our study was slightly higher than that of the previous study reported by Ujjin et al. 32) who recruited 202 Thais and collected the urine samples 3 hr after coumarin administration. This suggests that 7-OHC is not completely excreted from the body within 3 hr after coumarin administration. Even though it was proposed that up to 95z of 7-OHC would be excreted in the urine within 4 hr, 8) we collected the urine samples up to 8 hr to avoid the eŠect of urinary retention since, in our preliminary experiment, some subjects did not void their urine in theˆrst 4 hr. In addition, total creatinine excretion in 8 hr urine was measured in order to verify the urine samples' eligibility.
In the present study, we determined several CYP2A6 variant alleles, which had recently been reported to practically contribute to the CYP2A6 polymorphism and CYP2A6-mediated enzymatic activity. However, the number of CYP2A6*4 W *4 subjects reported by Ujjin et al. was the same as that of the present study.
It should be noted that the subjects who participated in this study were conˆrmed to be native Thai but came from diŠerent parts of the country, whereas Thai subjects recruited by Ujjin et al. were not identiˆed for their origin and domicile. However, considering the fact that the frequency of CYP2A6 alleles in the present study was comparable to that previously reported in Chinese and Koreans, it may be reasonable to report no considerable diŠerence in the CYP2A6 allele frequency between the present and the previous study by Ujjin et al. It may be regarded as a general concept that the wild-type allele is found at a greater frequency among Caucasians and black Africans while the variant alleles are found at a lower frequency when compared to that of Mongolians.
Even though both coumarin and nicotine have been regarded as speciˆc probes for CYP2A6, phenotyping study using both coumarin and nicotine in the same group of subjects revealed that they were not metabolically equivalent (Fig. 1) . The data from the present study were consistent with those of the study conducted by Xu et al., 24) who have shown in a small group of subjects that the CYP2A6*7 allele causes diŠerent con-sequences in the in vivo dispositions of coumarin and nicotine. However, such report did not identify the health status of subjects and smokers were also recruited in their study. Moreover, the probe drugs used were not standardized. Thus, to give a strong support to the existence of the discordance between coumarin and nicotine dispositions, we provided the data and information in this regard by performing the study in a larger scale population. Inter-individual diŠerences in the postulated enzymatic activity of CYP2A6 proved the existence of the close association between the phenotype and genotype.
Although the CYP2A6 genotype-phenotype correlation was found to be rather clear, the homozygotes of the CYP2A6 * 4 allele were totally deˆcient in cotinine formation, whereas the amounts of 7-OHC excreted in the urine in these subjects were, though, extremely low but still detectable (Fig. 2) . Taken together with in vitro studies employing genetically expressed human CYP2A13 gene system, 33, 34) our data conˆrmed the role of other enzymes in the in vivo 7-OHC formation. However, the contribution of CYP2A13 to the in vivo dispositions of coumarin and nicotine is obviously minimal since the in vitro intrinsic activity of the enzyme toward coumarin is about 10-fold less than that of CYP2A6. 35) Moreover, the subjects with CYP2A6*4 W *4 showed total absence of the in vivo metabolism toward nicotine.
The discordance between CYP2A6 catalytic activities toward coumarin and nicotine did exist at a large sample population. The change in substrate speciˆcity of the CYP2A6*7 allele has been hypothesized to account for the discordance in the rates of coumarin 7-hydroxylase and nicotine C-oxidase. 36) Since the I471T variant of CYP2A6.7 is not located in the substrate-recognition site, 37 ) the mechanism(s) of functional changes dependent of substrates such as coumarin and nicotine needs further investigation. Despite an exception for the CYP2A6*7 allele, the correlation study (R＝0.92, pº0.001) indicated that in human both 7-OHC and cotinine formations were mostly catalyzed by CYP2A6 (Fig. 2) . This means that both coumarin and nicotine could be clinically and experimentally used as probe drugs in a routine CYP2A6 phenotyping test.
Even though no subject genotyped as a homozygote for CYP2A6*10 allele was found in the present study, the eŠects of CYP2A6*10 allele on the rates of 7-OHC and cotinine formation were observed ( Table 3) . The frequency of CYP2A6*9 allele found in this study was corresponding to that of Japanese ( Table 4) . Individuals possessing CYP2A6*9 allele showed a lower rate of 7-OHC excretion and cotinine formation ( Table 3) . The data were consistent with the in vivo studies performed in healthy volunteers that displayed reduced enzyme activities in the subjects genotyped as CYP2A6*1 W *9 and CYP2A6*9 W *9.
27) Taken together, this conˆrmed the eŠect of CYP2A6*9 allele on the decrease in the CYP2A6 activity in vivo. Our classiˆcation of the subjects into four phenotypic groups; extensive, intermediate, poor and very poor phenotypic group, was more advantageous, reliable, and useful for clinical application. As can be seen in Fig. 3 , the average amounts of 7-OHC excreted in the urine and cotinine W nicotine ratio in the plasma of the subjects in each phenotypic group was signiˆcantly diŠerent from the other phenotypic groups.
Since CYP2A6 is capable of bioactivating tobaccospeciˆc procarcinogens, CYP2A6 PM could be theoretically protected from developing cancer at the target sites mainly the lungs. 36) Results reported by Fujieda et al. 6) clearly indicated that Japanese smokers with CYP2A6 variant alleles had signiˆcantly lower risk of lung cancer. However, a meta-analysis conducted by Carter et al. 7) showed that CYP2A6 mutation had no protective eŠect toward the risk of lung cancer. The discordance in the literature may, therefore, be resulted from various aspects of study design such as broad deˆnitions of smokers, ethnic stratiˆcation, genotype groups, and genotyping assays.
We, hereby, conˆrmed that the frequency distribution of CYP2A6 variant alleles was consistent over Mongolians, and these ethnic groups may, therefore, have similar potential tobacco-related lung cancer risk, pharmacological as well as toxicological responses to some anticancer agents such as coumarin, fadrozole, and tegafur. The data presented in the present study, therefore, may be applicable to drug development and therapy with drugs metabolized mainly by CYP2A6.
Since there are still large CYP2A6-activity variations among the subjects with the same genotype, particularly CYP2A6*1 W *1 (Fig. 3) , it appears that other factors may also contribute to the CYP2A6 enzyme activity. Among those, gender and environmental contaminants have been found to in‰uence CYP2A6. The average amounts of 7-OHC excreted in the urine in females was higher than that in males, 32, 38) while the exposure to cadmium from environmental pollutant and diet resulted in the induction of the enzyme activity. 39) In contrast, plant substances seemed to have a minimal in‰uence on CYP2A6 activity. 40) In addition to those host and W or environmental factors, the intra-genotypic variation of CYP2A6 activity among the subjects may possibly be marked due to the presence of unknown lack-functioned or gain-functioned mutations in the CYP2A6 gene. The complex etiology of the intra-genotypic variation of CYP2A6 activity may also be resulted from the potential consideration of epigenetics.
In conclusion, we performed a population study of CYP2A6 genotype-phenotype analysis in 120 Thais who took both coumarin and nicotine sequentially. This procedure provided a precise evaluation of CYP2A6 genetic polymorphism in the metabolism of coumarin and nicotine. The CYP2A6 activity toward coumarin was markedly low in the subjects homozygous for either CYP2A6 * 4 or CYP2A6 * 9, or heterozygous for these alleles, whereas the enzyme activity toward nicotine was dramatically reduced in the homozygotes for CYP2A6 * 4, CYP2A6 * 7, and CYP2A6 * 9 or the heterozygotes with these alleles. The presence of CYP2A6*4, CYP2A6 * 7, CYP2A6 * 9, or CYP2A6 * 10 was a critical factor determining inter-individual variations in drug oxidation of CYP2A6 substrates. We, therefore, propose that nicotine is a better probe according to its speciˆcity, while coumarin is still valuable to be used for a routine CYP2A6 phenotyping since the test employs a non-invasive method.
